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FOREWORD 

"his final report  presefits a sumary of a l l  technica l  progress and accom- 
plishments i n  the course of f u l f i l l i n g  Contract NAS 8-bO8,  Supplemental Agreement 

No. 4 ,  "High Chamber Pressure Operation f o r  Launch Vehicle Engines Program." 

Work was conducted by t h e  Research and Advanced Technology Division a t  t h e  

Liquid Rocket Plant,  Sacramento, California, f o r  the  contract  period of performance 

from 1 Apr i l  1963 t o  31 March 1964, and was under the  d i rec t ion  of R .  Beichel, 

Division Manager; D. J. Iddins,  Project Manager; W .  S. Howard, Project  Engineer: 

and D r .  F. H .  Reardon, Combustion S t a b i l i t y  Analyst. 
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I. INTROWC T I  ON 

The 9urpese ~f t h i s  invest igat ion was t o  continue the  stiidy of the  su i t -  
a b i l i t y  of high chamber pressure operation for launch vehicle engines. 

mental program was conducted t o  invest igate  the  e f f e c t s  of chamber pressure,  i n j e c t o r  

type, and chamber length on combustion dynamics. 

An experi-  

P a r a l l e l  ana ly t i ca l  s tud ies  were 

conducted t o  improve and apply current theor ies  of combustion s t a b i l i t y .  

mental phase w a s  performed using a single-stage un i t  of 20,000 l b  t h r u s t  a t  nominal 

engine mixture r a t i o s  and a t  chamber pressures of 1000, 1500, and 2500 ps ia ,  with 

l i q u i d  oxygen/liquid hydrogen as propellants.  

The experi- 

The program w a s  a one-year e f for t ,  cconpleted on 31 k r c h  1964. A l l  previous 

work has been documented i n  Aerojet-General Report &08-~-1, of the  same t i t l e ,  

dated 1 5  Apri l  19-63. 
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length on combustion s t a b i l i t y  have been experimentally and t h e o r e t i c a l l y  s tud ied .  

A s e r i e s  of 21 va l id  t e s t s  w a s  conducted using L02/LH2 as propel lan ts .  

Sens i t ive  Time Lag theory, developed bt Princeton University,  was used f o r  evalu- 

a t i o n  and cor re la t ion  of experimental t e s t  r e s u l t s .  

The 

The t e s t  program inc‘luded t e s t s  with 6-, e.?-:, and 26-in length chambers 

using pen ta i  (5000 l b  t h r u s t  per element), coaxial  (1100 lb t h r u s t  per  element), 

and conventTom1 (220 l b  t h r u s t  per elentent) types of in j ec to r s ,  i n  an 8 - in .  dia 

chamber. The conventional i n j e c t o r  was observed t o  be marginally unstable  i n  the  

f i r s t  t angen t i a l  mode over t h e  range of pressures (1000 t o  2500 ps ia )  and chamber 

lengths emplayed. The coaxial  i n j ec to r  also showed i n s t a b i l i t y ;  bu t  it w a s  found 

t o  be i n  the  f i r s t  longithdinalmode, and only with the  26-in. length chamber a t  

2500 p s i a .  

l ength .  

The pentad in3ector  w a s  s t ab le  over t he  e n t i r e  ranges of pressure and 

Values of t he  s t a b i l i t y  parameters3 and ‘F; were deduced by comparing 

t h e  t es t  r e s u l t s  with the theo re t i ca l ly  predicted i n s t a b i l i t y  zones (on t h e  a ,F  
plane) . 
w i t h  chamber pressure and th rus t  per element, but  i n  addi t ion,  indicated tha t  

the  type of i n j e c t o r  has a s igni f icant  influence On s t a b i l i w b e h a v i o r .  

!he r e su l t i ng  values agreed genera l ly  w i t h  previously observed t rends 

Page 2 
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111. coNcLusroJ!?s 

The experimental e f f o r t  on t h i s  program cons t i tu ted  an explorat ion of the  

combustion dynamic behavior of the  l iqu id  oxygen/liquid hydrogen propel lant  system 

a t  high operating chamber pressures .  The pressure range inves t iga ted  extended from 

1000 ps i a  (correspanding t o  current  technology) t o  2500 psia ,  which i s  i n  the  range 

of proposed high chamber pressure appl icat ions.  Mixture r a t i o  was not taken i n t o  

account as a parameter i n  these  

6.0, which i s  cansidered des i rab le  for t h r u s t  chamber appl ica t ions .  

i n j e c t o r  types were considered: conventional (mul t ip le -or i f ice  shuwerhead) , coaxial ,  

and pentad ( fou r  oxidizer  sBreams impinging on one f u e l  stream). 

i n j e c t o r  provided p r a c t i c a l  element s i ze ,  t h e  same in j ec to r s  were used t o  study 

s t u d i e s ,  bu t  was maintained i n  the  v i c i n i t y  of 

Three bas ic  

Since each tes t  

t h e  e f f e c t  of t he  amount OP t h r u s t  per element on s t a b i l i t y .  A s  a r e s u l t ,  t he  

program.yielded data over a wide range of design parameters, but  these parameters 

could not be considered i n  depth. 

According t o  the  Sens i t ive  Time Lag Theory, and confirmed by experimental 

research, high-frequency combustion i n s t a b i l i t y  i s  s t rongly affected by the  geometry 

of t h e  cornbustian chamber. Because the  diameter of t he  t h r u s t  chamber used on t h i s  

program w a s  f ixed,  some oontrol  of the s t a b i l i t y  behavior ( p a r t i c u l a r l y  r e l a t i n g  

t o  longi tudina l  modes.), was achieved by operat ing a t  three  chamber lengths:  6, 1 2 . 5 ,  

and 26 i n .  The subsoqic Length of the exhaust nozzle w a s  kept as shor t  as possible  

t o  promote wave r e f l e c t i o n  i n  order t o  enhance the  p o s s i b i l i t y  of t h e  occurrence of 

i a s t a b i l i t y  . 

No i n s t w c e s  of spontaneous i n s t a b i l i t y  were observed on t h e  present  program. 

However, it i s  of i n t e r e s t  t o  note tha t  t h ree  d i f f e r e n t  types of i n s t a b i l i t y :  

t angen t i a l  mode, longi tudina l  mode, and low frequency ( "chugging") were t r iggered  

by t h e  Aerojet  t angen t i a l  pulse generator.  This r e s u l t  ind ica tes  t h a t  the  ins ta -  

b i l i t i e s  which can be studied- by use of t h i s  technique a re  not l imi ted  tm t he  

t angen t i a l  modes of high .frequericy i n s t a b i l i t y .  Pulse charges ranging from 20 t o  

160 gra ins  crf: powder were f i r ed ,  resul t ing i n  pressure disturbances from 100 t o  

3400 p s i a  ( m a x i m u m ,  peak-to-peak), or 8 t o  15% 09 mean &amber pressure. 
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III, Conclusions ( cont . ) 

The exyerltop~tgl r e s u l t s  were cor re la ted  by means of t he  Sens i t ive  Time Lag 

theory.  

the  requirements f o r  spontaneous i n s t a b i l i t y ,  values of t he  combustion s t a b i l i t y  

parameters were estimated. 

unce r t a in t i e s  are associated with the parameter values obtained. 

r e s u l t s  show general  agreement w i t h  previous data, which ind ica tes  t h a t  increasing 

the  chamber pressure tends t o  produce a somewhat g rea t e r  s u s c e p t i b i l i t y  t o  high- 

frequency ins$gbi l i ty ,  and t o  higher frequency, more complex modes. This e f f e c t  

w a s  shown t o  be sauntered by increasing the i n j e c t o r  element s i z e ,  which had 

exac t ly  the, ,opposite e f f e c t s .  

ence of t h e  i n j e c t o r  type.  

(and therefore  a tendency t o  lmer frequency modes) than would be expected on the  

basis of conventional i n j e c t o r  experience. 

the  pentad w a s  sho r t e r  than expected from conventional i n j e c t o r  experience. A 

d e f i n i t i v e  t rend  of the in t e rac t ion  index with i n j e c t o r  type could not be fo r -  

mulated. However, all of the  data studied t o  date ind ica te  t h a t  a small i n t e r -  

a c t i o n  index i s  associated w i t h  a large sens i t i ve  t i m e  lag,  and v ice  versa .  

From t h e  cbmpariaon of t h e  t es t  da ta  with t h e o r e t i c a l  ca lcu la t ions  of 

Because of t he  lack of a nonlinear theory, r a the r  la rge  

However, t he  

Superimposed on these  general  t rends  i s  the in f lu -  

The coaxial  i n j e c t o r  had a longer sens i t i ve  time l ag  

On the o ther  hand, the  t i m e  lag f o r  

The d i f f i c u l t y  of obtaining deqini t ive s t a b i l i t y  parameter values from 

pulse- t r iggered i n s t a b i l i t i e s  i s  a r e su l t  of t h e  lack  of a nonlinear time l ag  

theory.  For t h i s  reason, e f f o r t s  were made an the  present program t o  extend 

the  Sens i t ive  Time Lag Theory t o  include nonlinear combustion e f f e c t s .  

technique used. w a s  t h a t  of equivalent l i n e a r i z a t i o n  of the  combustion response 

by means of a describing funct ion.  The re su l t an t  ana lys i s  i s  l imi ted  t o  moderate 

o s c i l l a t i o n  amplitudes, but  i s  a f i r s t  s t e p  i n  the  so lu t ion  of t he  nonlinear 

problem. 

However, t h e  bas ic  ana lys i s  and computer program ou t l ine  were set  up. 

theory w i l l  p red ic t  zones of i n s t a b i l i t y  i n  terms of t he  s t a b i l i t y  parameters of 

the  l i n e a r  theory, with the osc i l l a t ion  amplitude l e v e l  as a parameter. The in s t a -  

b i l i t y  zones can then be l inked t o  the pulses which t r i g g e r  i n s t a b i l i t y  by means of 

t h e  experimental observation of disturbance amplitude. 

extension includes t h e  completion of t h e  computer program, and inves t iga t ion  of t he  

nature  of t he  nonlinear combustion response as r e l a t e d  t o  the  i n j e c t o r  pa t te rn ,  pro- 
pe l l an t  combination, and operation conditions.  

The 

A complete exploration of t h i s  approach w a s  not achieved on t h i s  program. 

The extended 

Remaining work on the theory 
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IV. ACCOMPLISHMENTS 

1. Pulse Chamber 

All hardware used during t h i s  program was designed t o  operate a t  
20,000 lb t h r u s t  and w a s  of t he  "workhorse" type .  

(Figures 1, 2 and 3) was fabr ica ted  fr'om carbon s t e e l  and had a Rokide "2" i n s ide  

coating designed t o  pro tec t  t he  chamber for t e s t  duretions of 1 sec or less. The 

chamber w a s  comprised of severa l  Sections t o  pro t ide  f l e x i b i l i t y  i n  chamber length .  

The chamber lengths used i n  t h i s  program were 6, 12.5, Bnd 26 i n .  

j o i n t  sea l ing ,  a l l  j o i n t s  were serrated far  t h e  appl ica t ion  of t h i n  Durabla gaskets .  

The chamber naazle was replaceable with th ree  d i f f e r e n t  s i z e s  t o  accommodate chamber 

pressures of 1000, 1500, and 2500 psia .  To promote longi tudina l  i n s t a b i l i t y ,  t he  

nozzles w e r e  designed with a shor t  convergent sec t ion  with an angle of 50". 

four  shock-wave generators ( "pulse guns")were located 2.95 i n .  f ran the  i n j e c t o r  and 

were set  at  an angle t o  t h e  center  l i n e  of t he  chamber as shown i n  Figure 4. 
Three Photocon high-frequency pickups were lochted between t h e  pulse guns. 

four th  Photocon pickup was located near t he  noezfe d i r e c t l y  down the  chamber from 

one of the  pickups a t  the  i n j e c t o r .  

disturbance i n  the  combustion chamber during the  t e s t .  

4-0, 80, and 1.60 g r .  

The pulse combustion chamber 

For improved 

The 

The 

The four  pulse guns were used t o  set off' a 

The pulse sizes were 20,  

The pulse gun i s  f u r t h e r  described i n  Section IV,C. 

2.  In j ec to r s  

Three i n j e c t o r  designs: pentad, coaxial ,  and conventional were 

evaluated during t h i s  program. The fn j ec t ion  v e l o c i t i e s  were ca lcu la ted  by assuming 

the  following propel lant  dens i t i e s :  ? o  ' = 72 l b / f t  3 , p = 4.0 l b / f t  3 . 
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I V ,  A, Design (cont . )  

a. Four-Element Pentad In j ec to r  

'phis design incorporates fbur,  5000-lb t h r u s t ,  pentad elements. 

Each element cons is t s  of four  oxidizer streams impinging on a c e n t r a l  f u e l  stream. 

The i n j e c t o r  design and water flow pat tern as shown i n  Figures 5, 6, and 7 .  
i n j e c t o r  design parameters are l i s t e d  below. 

The 

Propellant f low r a t e ,  lb/sec Go = 52 

G = 8.7 f 
Velocity a t  in j ec t  or 
o r i f i c e ,  f t / sec  V, = 140 

Vf = 550 
Momentum ratio 

= 1.52 vo 

+f vf 

b. Coaxial. In jec tor  

The coaxial  in jec tor  i s  an l8-element concentric tube design. 

I n  each element, l i q u i d  hydrogen i s  in jec ted  through t h e  annulus around the  l i q u i d  

oxygen tube t h a t  is  provided by t h e  concentric f i e 1  tube .  For t h i s  type of i n j e c t o r ,  

t h e  i n i t i a l  propel lant  mixing i s  a t ta ined  by the  shearing ac t ion  provided by the  

d i f f e r e n t i a l  ve loc i ty  of the  propel lants .  To f a c i l i t a t e  breakup and mixing of t h e  

propel lan ts ,  each element i s  constructed so t h a t  t h e  annular  f u e l  stream w i l l  con- 

verge on t h e  cen t r a l  oxidizer  stream. The i n j e c t o r  design and water flow pa t t e rn  

a r e  shown i n  Figures 8, 9, and 10. "he design parameters a r e  l i s t e d  below: 

Propellant f low r a t e ,  lb/sec G = 52 
0 

G = 8.7 f 
Velocity a t  i n j ec to r  
o r i f i c e ,  f t / sec  VQ = 120 

Vf = 350 
Momentum r a t i o  +a v, 

= 0.49 
$0 vo 

Page 6 
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IV, A, Design (cont . )  

c . Convenkional Showerhead In j ec to r  

This design incorporates 12 rows of a l t e r n a t e  f u e l  fan elements 

Two outer  rows of f u e l  showerhead o r i f i c e s  provide and showerhead oxidizer  o r i f i c e s .  

cooling for the  chamber wall. This in j ec to r  i s  manifolded from the r ea r  so t h a t  a 

minimum length of l i n e  w i l l  be required f o r  connection t o  the th rus t  chamber valves.  

The design and water flow pa t te rn  are shown i n  Figures 11, 12, and 13. The i n j e c t o r  

design parameters a r e  l i s t e d  below: 

Propellant f l o w  r a t e ,  lb/sec 4 = 52 
0 

4 = 8.7 f 
Velocity a t  in jec tor  
o r i f i c e ,  f t / sec  Vo = 140 

vf = 560 
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OXIDIZER FUEL 

L02/LH2 Pentad Injector 
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FUEL T 
(CENTER) 

-=- 
SECTION b\-b\ 

4-5K lb T h r u s t  Pentad Injector 

Figure 6 
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Pentad I n j e c t o r  Flow P a t t e r n  
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FUEL (OUTER) 1- OXIDIZER (INNER) 

LO /LH Coaxial In j ec to r  

Figure 8 

2 2  
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Coaxial Injector ,  18-Element 

Figure 9 
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Coaxial  1nj.ector Flow Pa t t e rn  
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F U E L  
(IMPINGING) -, 

L02/LH2 Conventional Injector 

Figure 1 1  
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I 

C T I O N  A-A 
IZER CRIFICE 

Conventional In jec tor  

Figure 12 
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Convent iona l  I n j e c t o r  Flow P a t t e r n  

F i g u r e  13 
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I V ,  Accomplishments (con% .) 

Be TEST SETUP 

All propel lant  l i n e s  were insu la ted  from the  tank t o  t h e  valves; t he  

length of the  uninsulated l i n e  behind t h e  i n j e c t o r  was reduced t o  t h e  miniam. 

A high-pressure l i q u i d  nitrogen l i n e  w a s  a t tached j u s t  downstream of t h e  f u e l  t h r u s t  

chamber valve t o  allow prech i l l i ng  of t h e  i n j e c t o r  manifold and chamber before each 

tes t .  
%he i n j e c t o r .  

f i r i n g  of two i g n i t e r s  through t w o  completely separate  c i r c u i t s .  

were momted through the s ides  of' the chamber. 

This procedure allowed the  t e s t s  t o  be conducted w i t h  l i q u i d  hydrogen a t  
A redundant i gn i t i on  system w a s  used which allowed sequencing and 

The i g n i t e r s  

The p r o p e l l a t  flow ra t e  w a s  measured w i t h  Po t t e r  f l o w  meters. The 

f u e l  flaw meter w a s  designed f o r  high-pressure LH2 service by using a bal l -bear ing 

suspension f o r  t he  turbine.  The flow meter w a s  s ized  t o  permit l i n e a r  flow measure- 

ments from 3 t o  12 lb/sec of LH2. 

Laboratories t o  determine t h e i r  operational c a p a b i l i t i e s  and t h e  degree of deviat ion 

from a standard ca l ib ra t ion  with watei-. 

moreover, t h e  LH2 ca l ib ra t ion  showed c lose  agreement w i t h  the  water ca l ib ra t ion .  

It w a s  ca l ib ra t ed  with l i q u i d  hydrogen a t  Wyle 

2; The u n i t  operated s a t i s f a c t o r i l y  with LH 

Fuel temperature measurements were made i n  the  tank, f u e l  P6 t t e r  flow 
meter, and i n j e c t o r  manifold with Rosemount plakinum res i s tance  wire probes. 

Cal ibra t ion  t e s t s  indicated a somewhat slower response time than i s  des i rab le  f o r  

accurate  measurements i n  the  f u e l  in jec tor  manifold for t h e  tes t  durations involved. 

Therefore, faster-responding gold-cobalt thermocouples were used f o r  the  last four  

t e s t s  i n  the  i n j e c t o r  manifold. Since the  f u e l  temperature probes a t  the  tank and 

f u e l  P o t t e r  flow meter are immersed i n  the  f u e l  p r i o r  t o  a t e s t ,  t he re  w a s  no 

temperature response l a g  when tes t ing  w a s  begun. The temperature measurements f o r  

t h e  oxid izer  l i n e s  were made with standard copper-constantan thermocouples. 

The t e s t  s tand and re la ted  propel lant  tankage located a t  t h e  Von Karman 

Center, Azusa, California ,  i s  shown i n  Figure 14 .  
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IV, iiccompiis’nments (cont .) 

C. SHOCK-WAVE GErsERATOR 

The following paragraphs descr ibe the  Shock Wave Generator, Made1 V, 

PN 0-049425, manufactured by Aero jet-General Corporation, Azusa, Cal i forn ia .  

The shock wave generator, or pulse gun (Figure l5), i s  used t o  tes t  

t b e  combustion s t a b i l i t y  of rocket engines. 

t h a t  i s  introduced i n t o  an operating t h r u s t  chamber, i n t e r rup t ing  the  dynamic 

s t a b i l i t y  of t h e  combustion process.  Shock waves of d i f f e r e n t  amplitudes can be 

produced by varying the  pulse charge i n  t h e  generator .  

experimental c rea t iod  of known o r  suspected trarisients i n  t h e  combustion process 

t o  t es t  t h e  a b i l i t y  of t he  engine t o  r e tu rn  t o  stable operation, and/or t o  

acquire  data on the  genel-al charac te r i s t ics  of t h e  engine during the  period of 

i n s t a b i l i t y .  

The generator produces a shock wave 

This Variation permits 

Pr inc ipa l  spec i f ica t ions  a r e  tabula ted  below. 

Physical Dimqnsioqs 

Length, i n .  

Diameter, i n .  

Weight, l b  

UtiAity Ihta 

Primer 

Firing voltage, vdc 

F i r ing  current ,  amp 

Thread s i z e  required f u r  mount 

Performance b t a  
Shock Wave Amplitude 

9 (nominal) 

2-5/16 (maximum) 

4.5 (nominal) 

E l e c t r i c a l l y  I n i t i a t e d  Squib 

1.8 (minimum) 

o .4 (minimum) 

1.500 - 12UNF3B ( MIL-S-7742) 

Dependent upon pulse charge 
used 
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IV, C, Shock-Va-;e Generator ( c m t  .) 

Tne v a r i e t y  of puise charges ava i lab le  f o r  t e s t  purposes makes tine 

performance of the  shock generator assembly v i r t u a l l y  unlimited.  An exploded 

view of t h e  shock wave generator i s  shown i n  Figure 16. 

The shock wave generator is ,  i n  e f f e c t ,  a gun t h a t  f i r e s  blank car- 
44 

t r i d g e s .  

p in  ( 4 ) .  
i n  the  car t r idge  (7, 8) .  
t h e  obdurator d i sc  ac t ing  as a breech block. The diaphragm holddown i s  pressed 

dawn over the  diaphragm (11, 12) by the  coupling nut (6) t o  ensure a gas- t igh t  

seal. The diaphragm holder  r ing (13) backs up t h e  diaphragm agains t  t he  holddown, 

and contains a hollow center  through which the  diaphragm bur s t s  when the  generator 

i s  f i r e d .  

nut (6) and for mounting the  shock wave generator  i n  the  equipment during t e s t i n g .  

The face  of t he  holder  (15) i s  ser ra ted  t o  form a gas- t igh t  s e a l  when torqued down 

on t h e  gasket (16) during i n s t a l l a t i o n  of t h e  shock wave generator .  

It contains a primer (1) 

The f i r i n g  p in  i s  guided by t h e  obdurator d i sc  ( 5 )  agains t  t he  primer 

held i n  a s p l i t  r e t a i n e r  (2)  behind a f i r i n g  

The diaphragm holddown (9, 10) serves as a breech, with 

The bu r s t  diaphragm holder (15) contains mating threads f o r  t h e  coupling 

The pulse charge i s  t h e  pr imer  (l), car t r idge  ( 7  or 8),  and bu r s t  dia-  

phragm (11 or 12) which a r e  expended i n  each f i r i n g  of t he  shock wave generator .  

The primer i s  the  same f o r  each pulse charge. Cartridges and diaphragms vary 

accordfng t o  the  performance requirements f o r  spec i f i c  tests and a r e  not  i n t e r -  

changeable. A t y p i c a l  pulse charge i s  shown i n  Figure 17. 

* Numbers i n  parentheses correspond t o  the  components ca l l ed  out i n  Figure 16. 

Page 10 
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iV, kccompiishments {con$ .) 

D. INSTRUMENTATION 

1. ?hotPCon 

High-frequency pressure o s c i l l a t i o n s  were measured w i t h  water- 

coaled Photocon pressure transducers mounted i n  adapters  t o  provide a recessed 

hea t -sh ie ld  i n s t a l l a t i o n .  This adapter, (Figure l8) was developed during the  

t e s t i n g  of t h e  pas t  year, and has worked very s a t i s f a c t o r i l y ,  

response of Chis adapter i s  f la t  within 25$ f o r  frequencies up t o  4500 cps, which 

i s  approximately the  frequency of the first t angen t i a l  mode of t he  8- in .  combustion 

chamber. 

The frequency 

2.  Gold-Cobalt vs Copper Thermocouples 

A survey of available thermocouple materials ind ica t e s  t h a t  an 

a l l o y  of gold and cobal t  (2 .1  atom$ o f  coba l t )  v8 copper gives t h e  g r e a t e s t  out-  

put and has the  g rea t e s t  change of output per  degree i n  the  temperature range near  

t h e  bo i l ing  point  of l i q u i d  hydrogen, Figure 19 i s  a p lo t  i n  which the  outputs of 

gold-cobalt vs copper, copper vs constantan, and chrome1 vs alumel a r e  compared. 

Several  precautions lfiust be observed when using t h e  gold-cobalt 

vs  copper thermocouple. The gold-cobalt a l l o y  i s  mechanically weak and requires  

careful handling. 

must not be heated above 1 6 0 " ~  o r  the cobal t  w i l l  migrate o r  p rec ip i t a t e  t o  t h e  

g ra in  boundaries, which would change t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s .  Also, samples 

of w i r e  from d i f f e r e n t  lots show s l i g h t l y  d i f f e r e n t  EMF values .  

The a l l o y  i s  an  unstable composition below 1080°F, and the a l l o y  

To cope with these spec ia l  cha rac t e r i s t i c s ,  each thermocouple w a s  

fabr ica ted  individual ly ,  handled with care ,  and ca l ib ra t ed  separa te ly .  
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Iv, I), Instrumentation (cont .) 

The f i r s t  gold-cobalt vs copper thermocouple used i n  the  t e s t  pro- 

gram was employed i n  Test D52l-LM-22. 
w a s  found t h a t  the  EMF values varies s l i g h t l y  from the  design values .  

addi t ion  of a constant numerical connection f a c t o r  t o  the observed data made the  

converted data  correspond w i t h  t h e  values i n  the  design t a b l e .  During t h e  tes t ,  

t h e  response time of t he  gold-cobalt vs  copper thermocouple was shor t e r  than t h e  

Rosemount (platinum r e s i s t a n t  w i r e )  temperature probe used on the  previous tests. 

The new gold-cobalt vs copper thermocouple was used i n  t h e  remaining t e s t s .  

Upon ca l ib ra t ion  of t h i s  thermocouple, it 

However, t h e  

Page 12 
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PHOTOCON -MODEL 352A 1-14 THREAD 

TH RUST CHAMBER 

,010 

ADAPTER-’ - ROKIDE ,030 THK. 

L.188 DIA THRU 
7 HOLES 

Recessed Phot ocon Insta l  l a  t i  on 

Figure 18 
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IV, Accomplishments (cont  .) 

E. TEST RESJLTS 

The t e s t  conditions a r e  summarized i n  Table 1. S t a b i l i t y  behavior with 

respect  t o  high-frequency modes i s  presented i n  Table 2 .  

and decay cha rac t e r i s t i c s  of t he  disturbances produced by the  t angen t i a l  pulse 

generator are l i s t e d  i n  Table 3. 
t o  show the  e f f ec t s  of chamber length and chamber pressure on s t a b i l i t y  behavior. 

Figures 20 through 27 show oscillograms of t y p i c a l  pulses from both s t a b l e  and 
unstable  t e s t s .  

The frequency amplitude 

Finally,  t he  s t a b i l i t y  data are grouped i n  Table 4 

The following paragraphs discuss i n  d e t a i l  the  tests perfQrmed on the  

program, and a r e  organized according t o  i n j e c t o r  type and chamber length .  

1. Conventional In jec tor  (220 l b  Thmst/Element.) 

a .  6-in.  Length Chamber 

Tests D-521-LM-14 and -15 were performed with the  6-in.-  

length chamber at chamber pressures of 735 and 2315 psia ,  respec t ive ly .  T e s t  

D-521-LM-14 w a s  stable when pulsed with charges up t o  80-gr (no 160-gr charge was 

f i r e d )  

chamber pressure f o r  a pulse duration of 10 msec; the  pressure o s c i l l a t i o n s  were 

a t  3500 cps (1T mode). 

wi th in  11 sec .  T e s t  D-521-LM-15 resul ted i n  an i n s t a b i l i t y  of t h e  f i rs t  t angen t i a l  

mode a t  t h e  20-gr pulse .  Peak-to-peak i n i t i a l  amplitude a t  t h i s  pulse w a s  approxi- 

mately 380 p s i  (1676 of P ) comparedwith 260 p s i  f o r  t he  corresponding i n s t a n t  i n  

T e s t  D-521-LM-14. 

then converged t o  1000 p s i  a t  shutdown. Severe erosion occurred on the  i n j e c t o r  

face,  but no o ther  damage w a s  sustained. Figures 28 and 29 show l i t t l e  i n j e c t o r  

damage from Test D-521-LM-14 compared with Test D-521-LM-15. 

The i n i t i a l  peak-to-peak amplitude of t he  20-gr pulse w a s  3546 of the 

The subsequent 40- and 80-gr pulses damped t o  5$ of Pc 

C 
The pressure perturbation increased t o  1460 p s i  a t  20 msec, 

Page 13 
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I V ,  E, Test Results (cont .> 

b .  12.5-in .-Length Chamber 

Test D-521-LM-24 w a s  performed a t  2555 ps i a  with the  l2 .5- in .  

length chamber. 

cps) at  t h e  40-gr pulse .  

i p i t i a l  pressure amplitude f o r  t he  40-gr pulse was 1900 p s i .  

amplitude increased t o  a maximum value of 3400 p s i  within 45 msec. The amplitude 

then w a s  modulating (" footba l l ing")  u n t i l  f i r e  switch two (FS2) a t  120 msec where 

it was 1700 p s i  and more c l e a r l y  definable as t h e  f i rs t  t angen t i a l  mode. 

t he  i n j e c t o r  face w a s  severe, s imilar  t o  Test D-521-LM-5. 

This t e s t  w a s  driven unstable  i n  the  f i rs t  tangent ia l  mode (4000 

The 20-gr pulse damped within 22 msec. The peak-to-peak 

This per turbat iqn 

Nmage t o  

c . 26-in. -Length Chamber 

Tests D-521-LM-5, -10 and -25 were performed with the  26-111.- 

length corpbustion chamber a t  1110, 870, and 2218 psia ,  respect ively.  

were dr iven unstable i n  the  f i rs t  tangent ia l  mode by a moderately small (20-gr) 

pulse charge. 

of t h e  f u e l .  

i n  f u e l  temperature had no s igni f icant  e f f ec t  on the  i n i t i a t i o n  of s t a b i l g t y .  

r e s u l t s  indicated t h a t  t he  conventional showerhead in j ec to r ,  at a chamber pressure 

of 1000 t o  2500 ps i a  and with a chamber length of 26-in., i s  marginally unstable i n  

the  f i r s t  tangent i91 mode. With a fuel i n l e t  temperature of -406'F, T e s t  D-52l-M- 

5 showed no damping tendency a t  FS2. 

(Test D-521-LM-10) the  osc i l l a t ions  were damping immediately before FS2. 

damping was accompanied by a s l i g h t  increase i n  performance, ind ica t ive  of a change 

i n  t h e  combystion c h a r a c t e r i s t i c s .  

amplitudes of 1400 and 900 p s i ,  respect ively f o r  t he  20-gr pulse.  

showed similar cha rac t e r i s t i c s :  the  f i r s t  t angen t i a l  mode, 4000 t o  4300 cps, had 

a, wave pa t t e rn  which appeared t o  be an i r r e g u l a r l y  dr i f t ing-standing pa t t e rn .  

r e su l t an t  amplitudes of these  t e s t s ,  a f t e r  60 msec, were 1400 p s i  and 800 ps i ,  

respec t ive ly  f o r  Tests D-521-LM-5 and -10. Following each of these two tests the  

i n j e c t o r  vas found t o  be eroded; Test D-521-LM-10 damage was the  more severe (Figures 

30 and 31). 

All t h ree  tests 

Conditions of Tests D-521-LM-5 and -10 d i f f e red  i n  the temperature 

The t e s t  r e s u l t s  f rov  Tests D-521-LM-5 and -10 showed t h a t  t h e  change 

These 

With the  f u e l  i n l e t  temperature of -336"F, 

This 

Tests D-521-LM-5 and -10 had i n i t i a l  peak-to-peak 

Both of these tests 

The 

Page 14 
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I V 9  E, Test Xesillts ( can t . )  

Test D-521-LM-25 was performed a t  2218 ps i a  with the  26-in.- 

length chamber. 

(4400 cps) a t  the  20-gr pulse .  

1900 p s i .  Within 13 msec, t he  amplitude had reached 3000 p s i .  The amplitude was 
modulating during shutdown (1100 psi a t  52 msec) e 

complete closure of the  oxidizer  th rus t  chamber valve, t he  amplitude w a s  2000 p s i .  

The i n s t a b i l i t y  resu l ted  i n  severe in j ec to r  face  erosion as shown i n  Figure 32. 

This tes t  w a s  a l s o  driven unstable i n  the  f irst  t angen t i a l  mode 

The i n i t i a l  peak-to-peak pressure amplitude w a s  

A t  190 msec, j u s t  p r i o r  t o  

2 Coaxial I n j e c t o r  (1100 l b  'Chrust/Element) 

a .  6- in  .-Length Chamber 

Test D-521-LM-16 w a s  performed at  913 ps i a  with the  6-in.-  

length chamber. 

pulses  f i r e d .  

e l e c t r i c a l  current  prevented a s imilar  malfunction i n  subsequent t e s t s .  

bus t ion  w a s  s t ab le  throughout t he  t e s t .  

hu t  t h e  nozzle th roa t  w a s  eroded i n  one a rea .  

A malfunction occurred i n  the  pulse gun c i r c u i t ;  none of the  

Cleaning t h e  contacts i n  the  f i r i n g  switch and increasing the  

Com- 

No i n j e c t o r  o r  chamber damage occurred 

Test D-521-LM-17 w a s  performed with the  6-in.-length com- 

bus t ion  chamber a t  a chamber pressure of 2345 p s i a .  

pulsed up t o  a charge s i z e  of 160 g r .  

i n s t a b i l i t y  w a s  detected; however, with an i n i t i a l  pressure amplitude of 1346 of 
Fc, t h i s  mode damped within 7 msec a t  the  20-gr pulse .  

frequency (180 cps) o s c i l l a t i o n  dominated upon each pulse f i r i n g .  

per turba t ion  occurred during the 80-gr pulse; the  i n i t i a l  amplitude w a s  153% of 

Pc (3600 p s i  peak-to-peak) which damped i n  46 msec. 

mode i n s t a b i l i t y  w a s  found with the  sho r t e r  chamber. 

damage condition of t h i s  i n j e c t o r  after Test D-521-LM-17. 

This t e s t  w a s  s t a b l e  when 

Some high-frequency ( f i r s t  t angen t i a l  mode) 

A high-amplitude, low- 

The most severe 

No evidence of longi tudina l  

Figure 33 shows the  no- 
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I V ,  E, T e s t  Results (cont . )  

b . 12.5 i n  .-Length Chamber 

Test D-521-LM-23 w a s  performed a t  a chamber pressure of 

2345 ps i a .  

when pulsed with charge s i zes  up t o  160 g r .  

( t h e  i n i t i a l  peak-to-peak amplitude, P 

a t  the  PO-gr pulse .  Subsequent pulses decayed within 22 msec. No longi tudina l  

mode i n s t a b i l i t y  w a s  present a t  the  intermediate chamber length .  Low-frequency 

a s c i l l a t i o n s  were present ,  and ranged from 37 t o  72%.of Pc f o r  t he  pulses f i r ed ;  

however, a l l  low-frequency osc i l la t ions  decayed t o  5% of P 

was no i n j e c t o r  damage 

Using the  intermediate chamber length ( l2 .5 - in . ) ,  t h i s  tes t  w a s  s t ab le  

me f i r s t  t angen t i a l  mode w a s  present 

w a s  15% of P ) and decayed within 8 msec 
0 C 

wi thin 41 msec. There 
C 

e .  26-in -Length Chamber 

Tests D-521-LM-6, -7, -8, and -18 were performed with the  

26-in. -length combustion chamber a t  1020, 1360, 2325, and 2495 psia ,  respec t ive ly  

The f i rs t  t w o  t e s t s  were s t ab le  when pulsed up t o  a charge 

s i z e  of 160 g r .  

test a t  1500 ps i a  than f o r  the  tes t  a t  1000 ps i a .  I n i t i a l  peak-to-peak amplitude 

for  t h e  20-gr pulse was approximately 980 p s i  f o r  the  t e s t  a t  1360 ps i a  chamber 

pressure compared with t h a t  of 570 psi for t he  t e s t  a t  1000 p s i a .  Pulse durations 

w e r e  approximately 10 msec f o r  t he  f i r s t  two t e s t s  a t  the  20-gr pulse .  

dura t ians  were sho r t e r  than those corresponding t o  t h e  26-in.-length chamber pulse 

t e s t s  with the  4-5K lb thrustlelement pentad i n j e c t o r .  
4000 t o  4200 cps (1T mode). 

6 and -7. 

Amplitudes of t h e  pressure disturbances w e r e  h igher  f o r  t he  pulse 

Pulse 

Pulse frequencies  were 
There was no i n j e c t o r  damage during Tests D-52l-W- 

Test D-521-LM-8 (2325 ps ia )  was driven unstable  by the  20-gr 

A f i rs t  longi tudina l  mode osc i l l a t ion  (1280 cps) occurred immediately upon pulse .  

\ 
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IV, E ,  !€est Results (cont . )  

pulse i n i t i a t i o n  and l a s t e d  u n t i l  shutdown. These r e s u l t s  agreed with previous 

observations of decreased s t a b i l i t y  a t  t he  higher  chamber pressures .  

face w a s  damaged during the  tes t  (Figures 34 and 35). 
The i n j e c t o r  

Test D-521-LM-18 was performed t o  repeat  T e s t  D-521-LM-8. 

The 26-in.-length combustion chamber w a s  used a t  a chamber pressure of 2495 p s i a .  

This tes t  developed a f i r s t  longi tudinal  i n s t a b i l i t y  of 1100 cps, with an i n i t i a l  
amplitude of 24s of P 

sure  per turbat ion continued t o  diverge u n t i l  shutdown. 

r a t i o  of 6.3 compared with 3.2 for Test D-521-LM-8 s t i l l  r e su l t ed  i n  a longi tudina l  

i n s t a b i l i t y  as i n  Test D-521-LM-8. Minor high frequency o s c i l l a t i o n s  ( i n i t i a l  

amplitude 14$ of Pc a t  the  20-gr pulse) were present,  bu t  a neu t r a l  (cons tan t )  

amplitude dominated u n t i l  shutdown. 

11,000 cps) correspond t o  t h e  resonant frequency of t he  Photocon adapter .  

was no i n j e c t o r  damage t h i s  t e s t .  

upon f i r i n g  the 20-gr pulse; t h e  amplitude of t h i s  pres- 
C 

The near-design mixture 

These high-frequency o s c i l l a t i o n s  ( 9 0 0  t o  

There 

3 Pentad 1n.iector (5000 lb Thrust/Element) 

a .  6 - in .  -Length Chamber 

Tests D-521-LM-12, -13, and -20 were performed with t h e  6-in- 
length combustion chamber at  910, 2255, and 1935 ps ia ,  respect ively.  T e s t  D-521- 

LM-12 was s t ab le  with pulse charges up t o  160 $re These pulse per turbat ions were 

highly a t ten tua ted  compared with Test D-521-LM-l i n  which the  26-in .-length chamber 

w a s  used. Pulse i n i t i a l  amplitudes were 100 t o  175 p s i  f o r  Test D-521-LM-12, 

compared with 9 0  t o  630 p s i  fo r  Test D-521-LM-1. Pulse durations for Test D-521- 
Lw-12 were less than 8 msec. Both t e s t s ,  (D-521-LM-12 and -13) indicated a damped 

high-frequency of 4000 cps, corresponding t o  the  f i rs t  t angen t i a l  mode. 

D-521-LM-12, -13, and -20 sustained no i n j e c t o r  damage. 

Tests  

Page 17 
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Report 4008-SA4-F 

I V ,  E, Test Results (cont . )  

Test D-521-UT-13 developed a low-frequency i n s t a b i l i t y ,  375 cps, 

during the  80-gr pulse. 

ini t ia l .  pressure perturbations which were l e s s  than 500 p s i  peak-to-peak amplitude. 

Although t h e  low-frequency perturbation was evident i n  the  s t a r t i n g  t r a n s i e n t  and 

during t h e  f i rs t  two pulses,  these  p u l s e s  decayed t o  5% of Pc within 50 msec. 

80-61- charge, hawever, generated a low-frequency per turbat ion having an i n i t i a l  

amplitude of 1100 p s i ,  peak-to-peak. This per turbat ion decayed t o  540 p s i  i n  1 5  
msec and w a s  sustained a t  t h i s  l eve l  f o r  a few mill iseconds,  then increased t o  a 

value O f  860 p s i  within 70 msec. 

in te r rupted  by the  160-gr pulse .  

1000 p s i  which decayed t o  approximately 800 ps i ,  then rose again and continued t o  

diverge u n t i l  shutdown. It w a s  noted t h a t  t he  f u e l  i n j e c t o r  pressure drop Was less 

than 13% of P 

undoubtedly caused by the  feed system in t e rac t ing  w i t h  the  higher  temperature com- 

bustion process at the stoichiometric mixture r a t i o .  Figure 36 shows t h a t  no 

i n j e c t o r  face damage was incurred as a r e s u l t  of t he  chugging mode. 

The f i rs t  two pulses f i r e d  (20- and N-gr charges) caused 

The 

This 

This last pulse showed an i n i t i a l  amplitude of 

o s c i l l a t i o n  continued t o  diverge u n t i l  

w i t h  a mixture r a t i o  of 8.0. The low-frequency per turbat ion w a s  
C 

Test D-521-LM-20, a l s o  performed W i t h  the 6-in.-length com- 

bus t ion  chamber w a s  operated a t  1935 ps ia  as a rerun of Test D-521-LM-13. 

t es t  w a s  similar t o  t h a t  of D-521-LM-13 except f o r  t he  mixture r a t i o  of 5.9 com- 

pared w i t h  the  mixture r a t i o  of 8.0 for l e s t  D-521-LM-13. 
s t a b l e  with respect t o  pulsing up t o  a charge s ize  of 160 gr. 
o s c i l l a t i o n s  showed an i n i t i a l  amplitude of 12.9% O f  Pc and damped rap id ly  (wi th in  

3 msec) t o  5% of Pc a t  the  20-gr pulse. 

5 msec 

during Test D-5'21-LM-20 which w a s  conducted a t  the design mixture r a t i o  of 5.9. 
There was no i n j e c t o r  damage during Test D-521-LM-20. 

This 

Test D-521-LM-20 w a s  

High-frequency 

Subsequent pulses were at tenuated wi th in  

I n  contract  t o  Test D-521-LM-13, no low-frequency osc i l l a t ions  occurred 

Page 18 
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IV, E, T e s t  l iesuits (cont . )  

b . 12.5 i n  .-Length Chamber 

Test D-521-LM-22 wag performed with the  12.5-in.-length 

c6mbustion chamber a t  a pressure of 2141 p s i a .  

up t o  a charge s i z e  of 160 g r .  

t angen t i a l  mode) were observed t o  damp rap id ly .  

This tes t  w a s  s t ab le  when pu$sed 

High-frequency o s c i l l a t i o n s  a t  4100 cps ( f i r s t  

The i n i t i a l  peak-to-peak amplitude, 

f o r  t h e  20-gr pulse w a s  37% of P - t h i s  per turbat ion damped t o  54 of Pc within 
C’ 

8 msec. 

dence of low-frequency osc i l l a t ions  as i n  T e s t  D-521-LM-13, although both tests 

were performed a t  high mixture ratios, with Test D-521-LM-13 having the  6- in . -  

length chamber. Figure 37 shows that  minor i n j e c t o r  damage w a s  sustained.  

Subsequent pulses were at tenuated within 8 msec a l s o .  There w a s  no evi-  

c . 26-in. -Length Chamber 

Tests D-521-LM-1, -2, and -19 were performed with the  26-in.- 

length combustion chamber a t  1036 psia,  1515 psia ,  and 2415 ps i a  pressure,  respect-  

i v e l y .  

T e s t  D-521-LM-19 w a s  s t ab le  up t o  160 g r .  

-k$ble e f f e c t  i n  e i t h e r  Test D-521-LM-l or -2; therefore ,  t h i s  charge s i z e  was 

replaced with a 1 6 w r s i z e  during subsequent t e s t i n g .  

tude of the  pressure per turbat ions increased with pulse s i z e  as we l l  as with the  

threshold of operating pressure.  Pulse frequencies were dominantly of t he  f i rs t  

t angen t i a l  mode of 4000 cps. 

12 msec over t he  pressure range from 1036 t o  2415 p s i a .  

o s c i l l a t i o n s  were present during the 2415 ps i a  t e s t  (Test  D-521-LM-19), bu t  damped 

wi th in  8 msec. 

length of 26 i n .  

Tests D-521-LM-l and -2 were s t ab le  when pulsed t o  a charge s ize  of m-gr; 

The 10-gr pulse charge had no percep- 

I n i t i a l  peak-to-peak ampli- 

The pulse durations f o r  the  20-gr pulses were 14 t o  

Minor f i rs t  longi tudina l  

There w a s  no in j ec to r  damage during these tests with a chamher 
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Report 4008-SA4-F 

IV, E, Test 3esults (cont . )  

4 .  Pulse Cal ibrat ion T e s t s  

a .  12.5-in.  -Length Chamber 

Tests D-52l-LM-2lA and -21B were performed i n  a manner similar 
t o  Tests D-521-LM-llA and -11B. 

t h r o a t  and pressurizing the  intermediate (12.5-in.)  length chamber with 1000 p s i a  

ni t rogen.  Analyses of Test D-52l-LM-2lA showed a high-frequency of 3000 cps which 

corresponded t o  inherent  transducer resonance. Pressure per turbat ions were i r r eg -  

u l a r  and matched no calculated modes of i n s t a b i l i t y  apar t  from some 1200 cps 

o s c i l l a t i o n s  detected during the  160-gr pulse .  

f i r s t  t angen t i a l  mode of 1100 cps.  

Test D-521-LM-21A was performed by plugging t h e  

These o s c i l l a t i o n s  were near t h e  

Test D-52l-LM-lzB showed i r r e g u l a r ,  non-osci l la tory pressure 

per turbat ions f o r  t h e  chamber pressurized t o  2500 ps i a  with nitrogen gas .  

tape p l aybacks  showed some 1150 t o  1200 cps o s c i l l a t i o n s  which were detected during 

a l l  pulses with peak-to-peak amplitudes from 6 t o  1646 of chamber pressure f o r  charge 

s i zes  from 20 t o  160 g r .  

mode, 1120 cps, and decayed within 28 msec. 

w a s  p resent .  

F i l t e r e d  

These osc i l l a t ions  appeared t o  be near t he  f i r s t  t angen t i a l  

No evidence of any longi tudina l  modes 

b . 26-in. -Length Chamber 

Tests D-521-LM-llA and -11B consis ted of detonating four  

pulse charges of 20, 40, 80, and 160 g r  i n  the  26-in. chamber without combustion. 

The i n j e c t o r  i n l e t  valves were closed and the  th roa t  w a s  plugged on the  1000 gs i a  

nozzle.  The chamber w a s  pressurized with ni t rogen gas a t  1000 and 2500 ps ia ,  

respec t ive ly  f o r  Tests D-52l-LM-llA and-11B. 
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I V ,  E, Test Results ( c0n t . j  

Test D-52l-LM-llA a t  1000 ps ia  showed i r r e g u l a r l y  mixed high- 

frequency pressure o s c i l l a t i o n s .  F i r s t  and second t angen t i a l  modes, 1020 and 1700 

cps respect ively,  occurred in te rmi t ten t ly  a f t e r  each pulse charge. I n i t i a l  peak-to- 

peak amplitude of these t ransverse perturbations w a s  approximately 500 p s i  (5O$ of 
Pc) a t  t h e  20-gr pulse with a decay time ( t o  53 of Pc) of 60 msec. The f i rs t  longi- 

t ud ina l  mode (250 cps) occurred strongly during each pulse and had an i n i t i a l  ampli- 

tude of 200 p s i  with a durat ion of 10 msec. Test D-52l-LM-llB a t  2500 ps i a  r e su l t ed  

i n  pressure per turbat ions similar t o  those i n  Test D-521-LM-llA. I n i t i a l  peak-to- 

peak amplitude of Test D-52l-LM-llB transverse o s c i l l a t i o n s  w a s  approximately 1000 

p s i  (40% of Pc) a t  the  20-gr pulse ,  with a decay time ( t o  5% of Pc) of 60 msec . 
f i rs t  longi tudina l  mode, a t  300 cps, had an i n i t i a l  amplitude of 210 ps i ,  with a 

durat ion of 50 msec. Cold-pulse durations were three-  t o  four-times as long as those 

i n  t h e  corresponding hot  pulse t e s t s .  Pulse cha rac t e r i s t i c s  a r e  shown i n  Figure 38. 

The 
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Oscillogram - D521-LM-14, Stable Run, Conventional Injector 

Figure 20 
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Oscillogram - D521-LM-23, Stable Run, Coaxial I n j e c t o r  

Figure 21 
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Oscillogram - D521-LM-22, Stable Run, Pentad Injector 

Figure 22 
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Oscillogram - D521-LM-19, Stable Run, Pentad Injector  

Figure 23 
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Oscillogram - D521-LM-15, Unstable Run, Conventional Injector (1T) 

Figure 24 
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Oscillogram - D521-LM-25, Unstable Run, Conventional In jec tor  (1T) 

Figure 25 
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Damage t o  Conventional I n j e c t o r  After Test  D521-LM-5 

Figure  30 
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Damage t o  Convent iona l  I n j e c t o r  A f t e r  T e s t  D 5 2  

Figure 31 
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Damage t o  Convent ional  I n j e c t o r  After T e s t  D521-LM-25 
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Figure 33 
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Figure 34 
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Damage t o  Coaxial In j ec to r  After  Test  D521-LM-8 

Figure 35 
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"Cold Pulse" Calibrations 
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IT, Accomplishments (cont .) 

3’. STABILITY PARAMETERS 

Values of t he  s t a b i l i t y  parameters ( t h e  in t e rac t ion  index,?, and 

the  sens i t i ve  time lag ,  T )  can be deduced by comparing the  observed s t a b i l i t y  

behavior for each t e s t  with the  theore t ica l  i n s t a b i l i t y  zones i n  t h e % ,  T p l a n e  

calculated by means of the  Sensi t ive T i m e  Lag Theory. 

of nonlinear,  o r  pulsed, i n s t a b i l i t y  i s  necessar i ly  q u a l i t a t i v e .  Testing with 

f ixed  hardware a l s o  l i m i t s  t he  precision of the s t a b i l i t y  parameter r e s u l t s .  

A t  present,  the treatment 

The deduction o f X , T  values i s  based upon the  following p r inc ip l e s :  

If a given mpde i s  observed t o  occur spontaneously, t he32 , rope ra t ing  point  must 

be ins ide  of t h e  corresponding i n s t a b i l i t y  zone (Figure 3 9 ) .  If a given mode i s  

not  observed, t he  point  must be outside of the  zone. However, i f  the given mode 

occurs as the  r e s u l t  of a pulse,  the?/1,T poin ts  must l i e  outs ide of ,  but  near t o ,  

t h e  zone of i n s t a b i l i t y .  The distance of t he  - )2 , rpo in t  from the  i n s t a b i l i t y  zone 

i s  proport ional  t o  t h e  magnitude of the pulse causing the  i n s t a b i l i t y .  I n  t h i s  

regard, it i s  necessary t o  use t h e  measured pressure per turbat ion r a the r  than t h e  

s i z e  of t he  charge used. 

Table 2 l i s t s  the  pertinent s t a b i l i t y  data  f o r  t he  current  program. 

The t h e o r e t i c a l  i n s t a b i l i t y  zones for  the  t angen t i a l  and longi tudina l  modes are 

shuwn i n  Figures 40, 41, and 42. For t h e  exhaust nozzle used, t he  ca lcu la t ions  

show L i t t l e  e f f e c t  of chamber length on the  t angen t i a l  modes of i n s t a b i l i t y .  

Five of t he  s i x  conventional i n j e c t o r  t e s t s  were pulsed t o  i n s t a b i l i t y  

i n  the  f i r s t  t angen t i a l  mode. Since t h i s  w a s  t h e  only mode observed, t he  value of 

t he  s e n s i t i v e  t i m e  l a g  can be s e t  only between the  l i m i t s  0.08 and 0.12 msec. The 

lack  of spontaneous i n s t a b i l i t y  implies tha% the in t e rac t ion  index i s  l e s s  than 

1.1. 

peak amplitude of 16% of the  mean chamber pressure t r iggered  an i n s t a b i l i t y  a t  
2315 p s i a  (Test D-521-LM-15), but pulses up t o  109% did not r e s u l t  i n  i n s t a b i l i t y  

The e f f e c t  of chamber pressure i s  apparent because a pulse w i t h  a peak-to- 
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IV, F, S t a b i l i t y  Farameters (cont . )  

a t  735 ps i a  (Test D-521-LM-14) This r e s u l t  may a l s o  be caused by operation a t  
off-design mixture r a t i o ,  s ince Crocco, Grey, and I iarr je  (Ref 2)  repor t  t h a t  32 
decreases a n d r i n c r e a s e s  f o r  mixture r a t i o s  d i f f e r e n t  from design. 

vent ional  i n j e c t o r  a t  1000 ps ia  (nominal), the  values of32,and -t' may be estimated 
For t he  con- 

&S 

0.8 < % < 1.0 

0.008 < T < 0.12 msec; 

0.9 < < 1.1 
0.08 < T < 0.12 msec. 

and a t  2500 ps i a  (nominal) 

Two of t h e  s i x  coaxial  i n j ec to r  t e s t s  showed high-frequency i n s t a -  

b i l i t y  i n  t h e  f i rs t  longi tudinal  mode. 

t h e  26-in.-length chamber. 

l e v e l  although t h e i r  mixture r a t i o s  d i f fe red  by 49%. 
a t  a mixture r a t i o  of 3.2, whereas Test D-521-LM-18 was performed near t h e  design 

mixture r a t i o  point  a t  6.3. 
length chamber a t  the  nominal pressures of 1500 and 1000 ps i a  showed progressively 

faster a t tenuat ion  of t he  longitudinal pressure osc i l l a t ions  as the  pressure l e v e l  

decreased. It w a s  concluded t h a t  the coaxial  i n j e c t o r  was pressure-sensi t ive t o  

t h e  f i r s t  longi tudinal  mode of i n s t a b i l i t y  a t  the  26-in.-ch=ber length .  

perfomed a t  2500 ps i a  with the  12.5- and 6- in .  chamber lengths were devoid of t h e  

longi tudina l  mode; therefore ,  the  values estimated f o r  t he  coaxial  i n j e c t o r  

are 

These i n s t a b i l i t i e s  occurred only when using 

Both unstable t e s t s  occurred a t  the  nominal 2500 ps i a  

Test D-521-LM-8 w a s  performed 

The corresponding t e s t s  performed with t h e  26-in.- 

The tests 

0.5 < ul < 0.8 
0.18 < r < 0.35 msec. 

No high frequency i n s t a b i l i t y  was observed with t h e  pentad i n j e c t o r ,  

A t  2255 p s i a  chamber pres- even with pulses up t o  65% of mean chamber pressure.  

sure ,  a 65% pulse f a i l e d  t o  produce a first t angen t i a l  mode with the  pentad ejec-  

t o r ,  although a 16% pulse produced a f i r s t  t angen t i a l  mode with t h e  conventional 

Page 23 
\ 



Report 4008-SA4-F 

Iv, F, St . ab i l i t y  Parameters (cont . j 

i n j e c t o r .  

pentad i n j e c t o r  as compared w i t h  the  conventional i n j e c t o r .  This agrees with t h e  

trer-ds shown i n  Figure 23.  

This r e s u l t  implies there  i s  a smaller T o r  l a r g e r  T, or both, f o r  the  

Approximate values f o r  q a n d  r m a y  be estimated as 

0.5 < 32 < 0.8 
0.07 < 2" < 0.18 msec. 

I n  general ,  t he  r e s u l t s  of t he  present program are i n  agreement with 

Figure 43 shows the  s t a b i l i t y  t rends observed previously and reported i n  R e f  5.  
parameters ( in t e rac t ion  index, 2 , and sens i t i ve  time lag ,  r )  corre la ted  with 

i n j e c t o r  element s i z e  (thrust-per-element) and chamber pressure.  

shown by t h i s  cor re la t ion  are t h a t ,  f o r  a given chamber pressure,  t he  sens i t i ve  

t.ime lag increases  and the  in te rac t ion  index decreases with increasing element 

s i z e .  For a given s i z e  of i n j e c t o r  element, increasing t h e  pressure resul ts  i n  an 
increase i n  the  in t e rac t ion  index and a decrease i n  the sens i t i ve  time l a g .  Pre- 

vious data did not show a s igni f icant  e f f e c t  f o r  element type.  The present r e s u l t s  

i nd ica t e  t h a t  there  i s  a d e f i n i t e  influence of t h e  type of i n j e c t i o n  pa t t e rn  upon 

the  s t a b i l i t y  parameters. Although it i s  not possible  on the  bas i s  Of t he  present  

data t o  make d e f i n i t i v e  statements about t h i s  e f f e c t ,  it appears tha t ,  f o r  a given 

i n j e c t o r  element s i z e  and chamber pressure, the progression of i n j e c t o r  types 

from coaxial  t o  conventional t o  pentad r e s u l t s  i n  a decreasing sens i t i ve  t i m e  lag. 
Corresponding conclusions concerning the  in t e rac t ion  index cannot be c l e a r l y  drawn. 

The bas i c  t rends  
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Typical I n s t a b i l i t y  Zone f o r  a Given Mode and Combustor Configuration 

Figure 39 
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I n s t a b i l i t y  Zones and Estimated Operating Point of Conventional In j ec to r  

Figure 40 
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I n s t a b i l i t y  Zones and Estimated Operating Point of Coaxial In j ec to r  

Figure 41 
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I n s t a b i l i t y  Zones and Estimated Omrat ing  Point  of Pentad I n  iector 

Figure 42 
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Correlation of Stability Parameters 
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IV, Accomplishments (cont  .) 

G. EXPERIMEKCAL TEST PFXFORMANCE 

The most su i t ab le  method of determining rocket engine performance i s  

t h a t  of determining the  charac te r i s t ic  ve loc i ty ,  c*. From the  de f in i t i on  

c t w' 
g c * = P A  7 

it i s  evident t h a t  t h i s  c r i t e r i o n  i s  independent of t h r u s t  l eve l ,  and therefore ,  

back pressure and area  r a t i o .  The cha rac t e r i s t i c  ve loc i ty  i s  e s s e n t i a l l y  a meas- 

uye of the  success of conversion of chemical energy. From an experimental stand- 

point ,  measurement of t he  cha rac t e r i s t i c  ve loc i ty  has the  advantage t h a t  it i s  

possible  t o  measure accurately a l l  the var iables  appearing i n  the  de f in i t i on .  

I n  t h i s  program, the  performance f o r  each tes t  w a s  taken j u s t  before 

A s  shown i n  Figure 44, the  average t e s t  duration the  f i r s t  pulse gun w a s  f i r e d .  

w a s  0.55 sec from 90$ Pc t o  90% Pc; the  f irst  pulse w a s  f i r e d  a t  0.14 sec follow- 

ing  t h e  attainment of %$ of chamber pressure.  By using Po t t e r  flow meters t o  

measure t h e  propel lant  flow and Wianko pressure transducers t o  measure chamber 

pressure,  t he  accuracy of t he  performance f o r  each tes t  i s  very good even through 

t h i s  w a s  not a main requirement of the  program. 

A summary of a l l  t e s t s  i s  shown i n  Table 1. This summary includes 

Charac te r i s t ic  chamber length,  L*, r a t i o  of chamber area t o  th roa t  a rea ,  Ac/At, 

chamber pressure,  flow rate, propellant temperature, t h r u s t ,  percent of theo- 

r e t i c a l  c*, pulse charges used, duration of tes ts ,  and remarks. Short t e s t  

durat ions were used t o  prevent excessive hardware damage s ince  the  chambers 

were of the  uncooled workhorse type. 
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TIT3 Accomplishments (cont  .) 

E. PROBLEM AX3AS 

Some d i f f i c u l t y  was experienced during t h i s  t e s t  program i n  maintain- 

This problem w a s  a r e s u l t  of t he  t e s t  s tand  ing t h e  proper engine mixture r a t i o .  

p ressur iza t ion  system not functioning properly a t  a l l  t imes.  

improved during the  l a t t e r  p a r t  of the program by reducing t h e  pressure drop 

between the  high-pressure ni t rogen tank and the  oxygen run tank. 

hydrogen temperature would change if the re  w a s  a delay i n  t e s t i n g  following f i l l i n g  

t h e  tank and pressur iza t ion  cycle .  The temperature problem could only be corrected 

by reducing the  t e s t  countdown t o  a minimum. 

This condition w a s  

Also, t h e  l i q u i d  

Hardware damage w a s  mainly r e s t r i c t e d  t o  i n j e c t o r  face erosion and 

minor nozzle erosion.  

chamber f lange gasket f a i l e d  t o  seal ;  t h e  hot  gases sheared t h e  flange b o l t s .  

Severe erosion w a s  sustained by t h e  i n j e c t o r  and chamber f langes .  

i n j e c t o r  i s  shown i n  Figure 45. 
s ea l ing  j o i n t  . 

Test D-521-LM-4 resu l ted  i n  a f a i l u r e  when the  in j ec to r -  

Damage t o  t h e  

This condition was corrected by changing the  

The conventional in jec tor  was cons i s t en t ly  damaged during most tes ts  

as the r e s u l t  of i n s t a b i l i t y  induced by pulse changes. Figure 32 shows t y p i c a l  

damage incurred by t h i s  i n j ec to r .  

The coaxial  i n j e c t o r  was damaged during only one tes t  of t h i s  s e r i e s .  

Following t h i s  t e s t ,  cor rec t ive  measures were taken by increasing the  pressure 

drop acToss the  i n j e c t o r  w i t h  an o r i f i ce  i n  the i n j e c t o r  manifold; t h i s  grevented 

any f u r t h e r  i n j e c t o r  damage. 

i n  Figures 34 and 35.  
In jec tor  damage following Test D-521-LM-8 i s  shown 

The pentad i n j e c t o r  was  t he  l e a s t  damaged of the  three  types t e s t e d .  

Only minor erosion of the  element tubes was sustained.  

i n j e c t o r  following severa l  t e s t s  i s  presented i n  Figure 36.  
A t y p i c a l  condition of t h e  
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Pentad I n j e c t o r  Damage A f t e r  Tes t  D521-LM-4 

Figure  45 
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v.  NOITL~INEIIAR EXTENSION OF SENSITIVE TIME-LAG 'THEORY 

A. INTRODUCTION 

The Sensi t ive Time-Lag Theory of high-frequency i n s t a b i l i t y  has been 

shown t o  be an e f f ec t ive  t o o l  f o r  the systematic cor re la t ion  of experimental com- 

bus ti o ~ i  -s t a b i  li t y  r e s u l t s  (1-5)%s However, it has c e r t a i n  drawbacks, one of which 

i s  i t s  incapaci ty  t o  t reat  la rge  amplitude, shock-type disturbances.  A s  p resent ly  

developed, the theory i s  based on the c l a s s i c a l  ana lys i s  of the s t a b i l i t y  of small 

per turba t ions  from a mean condition. The nonsteady combustion process i s  repre- 

sected by three  parameters: 

r e f e r r ed  t o  as the "sensi t ive t i m e  lag," z' ; (2) a "pressure in t e rac t ion  index," 

m9 which measures the magnitude of the response of the combustion process t o  a 

pressure disturbance; and (3)  a "velocity in t e rac t ion  index,"&, which measures 

t h e  combustion response t o  a transverse gas ve loc i ty  per turbat ion.  

(1) a charac te r i s t ic  time of the combustion process, 

Physically,  the  sensi t ive time l a g  i s  t h a t  f r a c t i o n  of the-time be- 

tveen the  in j ec t ion  and conversion t o  combustion products of an elemental mass of 

propel lan ts  during which the  combustion process r a t e s  a r e  most s ens i t i ve  t o  

changes i n  the thermodynamic state of the  gases f i l l i n g  the  chamber. The pres- 

sure  i n d e x , N ,  i s  somewhat akin t o  the e f f ec t ive  order of a chemical react ion.  

I t  should be noted t h a t  the  veloci ty  index,& , i s  vec to r i a l ;  i n  general ,  it i s  
most convenient t o  dea l  with the components, dr 
ta.ngen t i a l  d i rec t ions  , r e  spec t i v e  l y .  

, and le , i n  the r a d i a l  and 

Such a small perturbation ana lys i s  i s  usefu l  f o r  studying "spontaneous" 

i n s t a b f l i t y ,  which r e s u l t s  from the se l ec t ive  amplif icat ion of one frequency com- 

ponent contained i n  the ever-present combustion "noise. '' Nonlinear, o r  pulse- 

t r i gge red  i n s t a b i l i t y ,  can be discussed only qua l i t a t ive ly  within the framework 

of" a l i nea r  theory. However, cer ta in  extensions can be made t o  the Sensi t ive 

Y 

*Sdperscript  nmbers  i n  parentheses r e f e r  t o  the L i s t  of References found 
a t  t h e  end of t h i s  repor t ,  
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V, A, Introduct ion (cont ,  ) 

Time-Lag theory t o  enable it t o  be applied t o  a t  least  some of the  types of non- 

Linear ly  i n i t i a t e d  o s c i l l a t o r y  combustion, 

Nonl icear i t ies  i n  the osc i l l a to ry  flow i n  a l i q u i d  rocket t h r u s t  

chamber der ive from two sowces :  

f i l l i n g  the  combustion chanber, and ( 2 )  the dynamics of the combustion process. 

I n  general ,  o s c i l l a t i o n  amplitudes below about 20$ of the  mean chamber pressure 

permit l i nea r fza t ion  of the  f l u i d  mechanical equations.  However, s i g n i f i c a n t  non- 

l i n e a r  behavior of the combustion process can occur even f o r  such per turbat ions.  

I t  i s  the  purpose of the present  analysis  t o  inves t iga t e  nonlinear i n s t a b i l i t i e s  

of rodera te  amplitude by assuming that  the combustion process i s  the only nonl inear  

eleroent i n  the e n t i r e  rocket  system. I n  order t o  i n s e r t  the  nonlinear combustion 

dynamic behavior i n t o  the framework of the Sens i t ive  Time Lag theory, the "describ- 

i ng  funct ion" method of equivalent  l i nea r i za t ion (6 )  w i l l  be employed, as discussed 

i n  the  sec t ions  following. 

(1) the  f l u i d  mechanical behavior of the  gases 

Bo GOVERNING EQUATIONS 

The present  ana lys i s  w i l l  c lo se ly  parallel the procedures followed 

I n  unsteady ir, previous discussions of the Sensit,ive Time Lag Theory (1 t o  4 )  e 

condi t ions ,  the  form of each time-varying property i s  taken t o  be the  sum of t h e  

s teady  s t a t e ,  or mean, value and a t h e  varying quant i ty .  Thus, the chamber 

pressure i s  wr i t t en  

?'ne s teady  s t a t e  so lu t ion  of the equations of f l o w  i n  a rocket combustion chamber 

- i s  foucd t o  be ( 3  1 
= T s  1 
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V, B, Governing Equations (cont.  j 

8 
8 
t 
I 

where the pressure,  ’$ , densi ty ,  /” , and temperature, T , have been nondimension- 

a l i z e a  by dividing by the corresponding values a t  the in j ec to r  face;  the  gas 

ve loc i ty ,  u , and the l i qu id  velocity,  UL a r e  nondimensionalized by the stagna- 

t i o n  sound ve loc i ty  of the combustion products; # i s  the dimensionless mass burn- 

i n g  rate pe r  u n i t  volume; and pL represents the t o t a l  mass of l i qu id  drople t s  per 

u n i t  volume. The a x i a l  coordinate, 2 i s  taken as the r a t i o  of the  dis tance 

downstream from the i n j e c t o r  face t o  the  radius of the ( cy l ind r i ca l )  combustion 

chamber. 

by the  su?xcript, e It i s  assumed t h a t  the flow i n  the  cmbus tor  i s  ad iaba t ic ,  

i nv i sc id ,  and with negl ig ib le  hea t  conduction, and t h a t  combustion i s  complete a t  

the  chamber e x i t .  

The exhaust nozzle entrance (combustion chamber e x i t )  s t a t i o n  i s  denoted 

The l inear ized ,  p a r t i a l  d i f f e r e n t i a l  equation f o r  the  per turbat ion 

$ k k e s  the  form of the inhomogeneous wave equation, 

d 4 

where Q represents  the combustion e f f ec t s  and d, the  damping e f f e c t s .  

the  Laplacian operator,  6~ +v 5% p 2 i s  
2% 32 . 

N 

Equation 3 can be solved by wr i t ing  the perturbfition 9 i n  the form 

of a sel-ies with harmonic t i m e  dependence: 
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8, B, Governing Eqilations (cont . )  

The zeroth-order perturbation solut ion,  , does not  involve the 

combustion o r  damping e f f ec t s .  Therefore, it i s  i d e n t i c a l  t o  that  obtained i n  

pr.evious analyses.  The homogeneous equation, derived from Eq 3 

has the solut ion 

w i t h  

and 

f -3 0 (standing mode) 

s.1 is a constant 4 
t h a t  depends on the mode of o sc i l l a t ion  under consideration. 

i s  the Bessel function of the f i r s t  kind of order Z, , and 

Typical values of 

Sd7 
a r e  given i n  the following table:  

./ 

Longitudinal 0 

F i r s t  t angent ia l  1 

Second tangent ia l  2 

F i r s t  radial  0 

Second rad ia l  0 

F i r s t  combined 1 

- Mode - T 
1 

1 

1 

2 

3 
2 

s,, 
0 

1.84129 
3.0543 

7.0156 
3 8317 

5 * 3313 
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V, 3, Governing Equatioria (cant .  1 

FOI- purely transverse modes, S' + S; 
dimensionless gas ve loc i ty  a, e 

mgni tude  re la t ionship  w i l l  be denoted by the abbreviation S2+s$ '? = 0 ($) 

i s  of tne order of magnitude of the 

I n  the following development, t h i s  order of 

The other  zeroth-order perturbation quant i t ies  a r e  given by the  f o l -  

lowing expressions : 

dens i ty  , 

a x i a l  veloci ty ,  

r a d i a l  ve loc i ty ,  

t angent ia l  veloci ty ,  

The f i r s t - o r d e r  perturbation equation i s  
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V, B,  Governing Equations (cont. ) 

where the damping term, & 
name 1 y 

, i s  the same as t h a t  used i n  the  l i n e a r  theory, 

The f a c t o r  4 I i s  a dynamic droplet-gas momentum interchange coe f f i c i en t .  (3  1 

C e COMBUSTION TERM 

In the l i n e a r  theory of transverse mode i n s t a b i l i t y ,  with ve loc i ty  

e f f e c t s ( 4 ) ,  the combustion t e r n  was found t o  take the form of a sum, 

with 

When a s inusoidal  s ignal  i s  put  i n t o  a nonlinear element, the output 

w i l l ,  i n  general ,  not  be s inusoidal .  A Fourier ana lys i s  of the output w i l l  reveal  

many frequency components, among which i s  one, the fundamental, which correspond's 

t o  the frequency of the s inusoida l  input s ignal .  A r a t i o  can be constructed tha t  

i s  s imilar  t o  the  l i n e a r  t r ans fe r  function, the r a t i o  of the output (fundamental 

component, 0 
ana lys i s  and include phase as wel l  as  magnitude of the per turbat ions.  

can be wr i t ten  a s  

) t o  the  input  ($- ) amplitudes, which are complex numbers i n  t h i s  

This r a t i o  
-ti 
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*- v , C, Combustion Term (cont. ) 

where (T.F.)L i s  the t r a n s f e r  function of the element i f  it were l i nea r ,  and 

i s  the so-called "describing function. ' I  

Thus, i n  the  present  analysis ,  nonlinear e f f e c t s  w i l l  be introduced 

by using three descr ibing functions,  i . e . ,  

where p, 9, and Jretain t h e i r  def in i t ions  as given above f o r  the  l i n e a r  case,  

and in t e rac t ions  between pressure and ve loc i ty  e f f e c t s  are neglected. 

The form of the describing func-t;ion depends on the nature of the 

non l inea r i ty  under consideration. In  some cases the nonlinear e f f e c t s  e n t e r  

only after some amplitude has been exceeded; i n  others ,  nonlinear e f f e c t s  are 

important only below a c e r t a i n  amplitude Therefore, the descr ibing funct ion 

can very  of ten be expressed as a function of the r a t i o  o f  a c t u a l  input  (say,/v,) 

t o  a reference value ( VR ). Calculations of descr ibing functions f o r  many types 

of Lonl inear i ty ,  including s tep ,  deadband, sa tura t ion ,  and power law types, a r e  

a v a i l a b l e  i n  the l i t e r a t u r e  of servo-control systems. 

I 
I 
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V, Nonlinear Extension of Sensi t ive T i m e  Lag Theory (cont.1 

D. FBST-ORDER SOLUTION 

The f i r s t - o r d e r  perturbation equation becomes, i n  combining E q  7 and 11, 

The so lu t ion  i s  obtained, as i n  the  l i n e a r  case, by superposi t ion l e t t i n g  

These "partial solut ions,  'I a)*). . . PD, s a t i s f y  the  following equations: 
> 

(Eq 144 
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V, 3, First-Order Solution (emit. ) 

.with 

’ 00 

Subs t i tu t ing  Eq 6a i n t o  14a and neglect ing higher-order terms yields  

PA : t he  equation for 

The so lu t ion  of E q  16 i s  obtained byexpanding i n  t ransverse eigenfunctions,  which 

a r e  t h e  so lu t ions  of the  zeroth order, homogeneous equation, viz . ,  

That i s ,  l e t  

and 
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V,  D, First-Order Soiution (cont.  ) 

Then, the functions,  ?a8(?), are given by the ordinary differen, ,s l  equat .on 

and the expansion coef f ic ien ts ,  A,, > by 

sx 
where @ i s  the complex conjugate of @ 

P P '  

For psd, v?) , E q  18 ha6 the  so lu t ion  

Page 36 



Report 4008 -SA4-F 

V, E, First-Order S o l u t i m  (zont. ) 

The so lu t ion  f o r  $b and $)G are of tne same form, with the expansion 

coe f f i c i en t s  given by 

The f l r s t -o rde rwolu t ion  can then be wr i t ten  as 

where 

This r e s u l t  i s  the same as  t h a t  obtained i n  the l i n e a r  ana lys i s ,  

except t h a t  the expansion coeff ic ients ,  A B and C a r e  now funct ions 

of the  amplitude, 

l i n e a r i t y  under consideration. 

combustion process has been absorbed i n t o  the  expansion coef f ic ien ts .  

Pq9 P9' Pq' 
as wel l  a s  of the nature of the pa r t i cu la r  type of non- poo , 

That Is, a l l  of the nonlinear behavior of the 
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V, Nonlinear Extension of Sensi t ive Time h g  Theory (cont. j 

ED CflARACTERISTIC EQUATION: STABILITY C R m R I A  

Since the forms of the  perturbation so lu t ions  are unchanged from 

the  l i n e a r  case, the cha rac t e r i s t i c  equation for neu t ra l  o s c i l l a t i o n s  ( S = i W  ) 
a l s o  remains the  same, i . e . ,  

where 

I n  Eq 23a and 23b, e = fr .ti€; i s  the complex nozzle admittance, and f =  l.4 /&? 
i s  a reduced frequency. 

takes  on values near uni ty .  

For purely transverse modes, the reduced frequency 

The cha rac t e r i s t i c  E q  22 exhib i t s  the balance t h a t  e x i s t s  a t  a 

s t a b i l i t y  l i m i t .  

by the  combustion process, represented by the l e f t  side of E q  21, must be com- 

p l e t e l y  absorbed by the f l u i d  mechanical processes t h a t  are represented by the  

funct ion h on the r i g h t  s ide .  

o s c i l l a t i o n  amplitude w i l l  grow. Such a n  o s c i l l a t i o n  i s  unstable .  Stable  

operat ion r e s u l t s  i n  the case that  the energy re lease  i s  i n s u f f i c i e n t  t o  balance 

the  energy absorbed by the osc i l la t ion .  

i s  complex implies t h a t  there  i s  a phase condition, as w e l l  a s  the  amplitude 

In order t o  maintain neut ra l  o s c i l l a t i o n s ,  the  energy supplied 

If more than s u f f i c i e n t  energy i s  supplied, the 

The f a c t  t h a t  the cha rac t e r i s t i c  equation 
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V, E,  Charac te r i s t ic  Equation: S t a b i l i t y  Criteria (cont. 1 

condition, r e l a t ing  the o s c i l l a t i n g  r a t e s  of energy re lease  and energy absorp- 

t i o n  f o r  s t a b i l i t y .  

Equation 22 can be r ewr i t t en  i n  the form 

From t h i s  (complex) equation, the  values of the pressure index, 0% , and sens i -  

t i v e  time lag,  2 , can be obtained as  fcnct ions of the  o ther  parameters i n  

Eq 24, i . e . ,  

These a r e  the values obtained a t  the boundary between s t ab le  and unstable opera- 

t i o n .  The inclusion of nonlinear combustion e f f e c t s  i n  the coe f f i c i en t s  

6,,, , and Cq, allows the invest igat ion of the e f f e c t  of wave amplitude on the 
4 7  , 

c r i t e r i a  f o r  combustion s t a b i l i t y .  

F. COMPUTER PRGRAM 

A d i g i t a l  computer prQgram is being wr i t ten  t o  ca r ry  out the necessary 

ca l cu la t ions ,  The computational procedure involves the following s teps :  

1. Input the Combustion chamber geometry, including the subsonic 

por t ion  of the  exhaust nozzle; the inject ion d i s t r i b u t i o n  /L(q 8), i f  nonuniform; 

the  mode,and frequency of o sc i l l a t ion  ~3 ; the  funct ional  cha rac t e r i s t i c s  of the  

nonl inear  canbustion response; and the  amplitude l e v e l  P of the osc i l l a t ion .  
00 
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V, F, Computer Program (cont . )  

2 .  Compute the  pressure and ve loc i ty  amplitude d i s t r ibu t ions ,  

Po (Po,, v ,  01, y ( p o o ’  r, e>, r, (Po,, r Y e > .  

3. Compute the describing funct ions f o r  the combustion response, 

& (c, e ) ,  &@), $,(v-,e> using the pressure and ve loc i ty  amplitudes ca lcu la ted  

i n  Step 2. 

4. Compute the combustion c w f f i c i e n t s  A? (pj jfp ) , 6 ~ 7  
G7 (1 ~ fe) which e n t e r  the charac te r i s t ic  equation. 

5. Compute the  nozzle admittance coe f f i c i en t s  &(a), EL(@) f o r  

t he  mode , frequency, and subsonic nozzle contour under consideration. 

6 .  Solve the  charac te r i s t ic  equation f o r  the value of the i n t e r -  

a c t i o n  index, 0% , and sens i t i ve  t ime lag,  , corresponding t o  neu t r a l  o s c i l -  

l a t i o n s  a t  the frequency under consideration. 

7 .  Repeat above s teps  f o r  each frequency; then p l o t  nL vs T . 

8. Repeat Steps 1 through 7 f o r  each amplitude l eve l .  

The flow diagram fo r  the computer program i s  i l l u s t r a t e d  i n  Figure 46, 
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VI. RECOMMENDATIONS 

This exploratory study showed a general  t rend of increasing combustion sensi-  

t i v i t y  and decreasing combustion t ime  lag  w i t h  increasing chamber pressure.  However, 

no q u a l i t a t i v e l y  d i f f e ren t  e f f e c t s  were observed t o  accompany high pressure opera- 

t i on .  Differences between in j ec to r  types appeared i n  the  t e s t  r e s u l t s .  To provide 

the  designer with s u f f i c i e n t  information, addi t iona l  dynamic testing and ana lys i s  

w i l l  be required.  

so that  higher modes of t ransverse i n s t a b i l i t y  can be exci ted.  Inves t iga t ions  of 

t h e  e f f e c t s  of i n j ec to r  type and s ize  must be systematized t o  provide a c l ea r  under- 

standing of the  dynamic combustion process as well as usefu l  design data .  

Further t e s t i n g  should be undertaken i n  l a r g e r  diameter chambers 
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